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Abstract
Perovskite solar cells (PSCs) have impacted the photovoltaic industry over the past decade with
unprecedented boosts in photo-conversion efficiencies. Perovskites’ dramatic rise has been due to
borrowed ideas and research from other types of solar cell geometries. The initial surge in
perovskite research started in 2009 with the discovery of unusually long photocharge carrier
lifetimes and ambipolar diffusion. These discoveries changed the geometry of the solar cell from
a dye-sensitized structure to n-i-p. The work done in this dissertation focuses on thin film methylammonium lead iodide perovskites in n-i-p structures made by the National Renewable Energy
Laboratory and Iowa State University. The initial goal of this research was to use photo carrier
time-of-flight measurements to determine the drift mobilities of electrons and holes in the
perovskite methylammonium lead iodide. I found evidence of dispersive transport for both
photocharge carriers. I have made transient temperature-dependent studies of the drift mobility
and the dispersion parameter, under otherwise normal device operating conditions. The low values
of the electron and hole drift mobilities, ~10-1 cm2/Vs, under operating conditions suggest that the
optimal thickness of the perovskite layer can be determined via calculation. The dispersive nature
of perovskite thin films makes such calculations complicated. I propose, based on the temperature
dependent studies of my work, that photocharge transport in perovskite thin films is spatially
dispersive.
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1. Introduction
In this work, I found that the drift mobility in perovskite structured methyl ammonium lead
iodide (CH3NH3PbI3 also abridged MAPbI3) to be of order 10-1 cm2/Vs. I suppose this number
doesn’t really do it for most, and it shouldn’t! In fact, at this point I expect most readers to be
scratching their heads in confusion over several things mentioned here already. So, I suppose we
shall start where most great (and some bad) stories do, with a little backstory.
As stated, I have studied a material called methyl ammonium lead iodide which is a truly
interesting photovoltaic material used in solar cells given its rapid rise in efficiency over the past
decade.1 In 1839, calcium titanium oxide (CaTiO3) was discovered and given the name
“perovskite”. Though it was not until 1945 after X-Ray diffraction experiments2 that it was
confirmed to be the first mineral discovered to have a particular type of crystal structure. This
crystal structure can be thought of as a superposition of face-centered and body-centered lattices
with the molecular form of ABX3, see Fig. 1. This structure is now known as perovskite. In the
realm of high temperature ceramic superconductors, pseudo perovskite structures can be found
such as yttrium barium copper oxide (YBa2Cu3O7).3 The material methyl ammonium lead iodide
is a mouthful, but since it has a perovskite crystal structure identical to CaTiO3, the material I am
studying will also be referred to as perovskite. I make the associations A: CH3NH3, B: Pb, X: I.
What is perhaps more troublesome is that other researchers are attempting to find a substitute for
lead with other metals and iodine with different halogens while they maintain the name:
perovskite. Also, formamidinium based lead trihalides (FAPbI3) have taken some interest due to
its lower bandgap energy.4,5 For this current work, the term “perovskite” will always refer to
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CH3NH3PbI3, unless stated otherwise. I will often use the abridged molecular form MAPbI3 to
avoid confusion.

Fig. 1: Perovskite crystal structure of molecular form ABX 3, A: CH3NH3, B: Pb, X: I.
In this chapter I will discuss the motivation of studying the drift mobilities of this material and
the implications it has for device makers. I shall start by telling the short, but rich, history of
perovskite solar cells (PSCs). Then there will be a few words on drift mobility. I will then give a
brief introduction to charge transport through the lens of a simple “normal” transport model
which will be followed up with a more complex “dispersive” model. I will also provide a
description of the time-of-flight (TOF) method used for observing transport phenomena in
semiconductors. I will conclude this chapter by tying the relevance of my work to the bigger
picture.
In the second chapter, the heart of the thesis is presented. This will include details on sample
preparation, characterization, and the time of flight experiment used to determine drift mobilities
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for both electrons and holes. I also present my data and discuss how spatially dispersive transport
explains my observations.
In the last chapter, I discuss other research groups that used different techniques to measure a
drift mobility for perovskite. These experiments are interesting in that some measure transport
properties in the picosecond domain and yet are consistent with our measurements performed in
the nanosecond domain. I conclude with a discussion on the direction of PSC research.

1.1. Perovskites rise to the spotlight
The progress of photovoltaics has been remarkable. Interest is driven primarily in solar cell
technology, in particular, making devices more affordable in terms of price per Watt hour.
I will take some time to discuss dye sensitized solar cells (DSSCs) here only because PSCs were
once made with sensitized cell structures. DSSCs, or Gratzel cells,6 are characterized by their
photosensitive dye which mimics the role of chlorophyll in plants. The structure of the cell
consists of a transparent plastic or glass on top (light entering side) and bottom, this acts as an
encapsulant to protect the cell from the environment, see Fig. 2. A transparent conducting oxide
(TCO) layer acts as an anode and is the top contact. Beneath the TCO is usually a titanium
dioxide (TiO2) “scaffold” structure to act as an electron transport medium as well as a
semiconductor. The TiO2 is then soaked with a photosensitive dye, such as rutheniumpolypyridine. In a three-dimensional “scaffold” geometry, the amount of dye that can effectively
create photoelectrons is greatly enhanced. An electrolyte is then dissolved into the “dye
sensitized” TiO2 which restores missing electrons from the dye. Once the electrolyte donates the
electron, it diffuses towards the back where a layer of platinum attached to a counter electrode
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donates an electron to restore neutrality in the electrolyte. There is finally a back-contact layer
which completes the circuit. The transport in TiO2 is ambipolar, meaning that a cloud of positive
ionic charge follows in the electrons wake.7 Disadvantages to these cells are numerous: low
power conversion efficiencies, expensive chemicals and dyes, and volatile chemicals are often
used. Work to solve some of these problems are ongoing.

Fig. 2: Flow chart of electron transport in DSSCs (not to scale). (1) Light enters through the front
contact and creates a conduction electron in the dye. (2) The electron drifts along the TiO2 to the
front contact where it is collected (3). (4) An electron is injected through the back contact into
the electrolytic solution. (5) The solution dissociates with the extra charge and drifts towards the
dye. (6) After the charge is neutralized on the dye, (7) the electrolytic solution becomes stable
once again by combining.

The inception of PSCs began in 2009 albeit with a power conversion efficiency of less than 4%,8
but quickly rose with some ingenuity. Much of the seminal work on PSCs was presented during
2012 in two papers by Park et al.9 and then Snaith et al.10 which would help improve device
stability, carrier lifetimes, and efficiency. Park substituted an electrolyte, which dissolved the
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sensitizers over time, with a hole transport material (HTM) known as spiro-MeOTAD (2,2’,7,7’tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’-spirobifluorene). This not only increased the
stability of the power conversion efficiency, but increased the efficiency to just under 10%.
Snaith showed that there were many things PSC researchers could be doing differently with their
cell geometries and composition. First of these innovations implemented “mixed-halide”
perovskites, substituting some of the iodine for chlorine, i.e. MAPbI3 to MAPbI3-xClx. This
increased the carrier lifetimes and made the devices a bit more robust. Next was to simply coat
perovskite on top of the nanoporous TiO2 “scaffold” layer, see Fig. 3. This allowed the PSCs to
be made much thinner than had been done previously. It should be noted that the perovskites
being used are thin film polycrystalline MAPbI3. Snaith also found that replacing the TiO2 layer
with an insulating aluminum oxide (Al2O3) layer increased the open circuit voltage (Voc) and for
the first time the efficiency for PSCs rose above 10%. Lastly, they demonstrated that PSCs must
exhibit independent electron and hole transport behavior and removed the “scaffold” (sensitized)
architecture completely. This led to the adoption of planar geometry PSCs which are studied in
this dissertation, see Fig. 7. These papers provided the ground work for the surge of world record
efficiencies of PSCs to date of this dissertation. For more information on the timeline of
advancements in PSCs please refer to the National Renewable Energy Laboratory’s (NREL)
“Best Research-Cell Efficiencies” chart11 or discussion.12 Currently the world record is held by
KRICT (Korean Research Institute of Chemical Technology) with an efficiency of 22.7%.13 It
should be noted that these cells are not necessarily stable and stressed that these are research
grade solar cells kept under ideal conditions. Another disclaimer is that the composition of PSCs
from KRICT are thin film FAPbI3 type “perovskites”.
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PSCs also have a unique property when measuring their current voltage characteristics, which
determine solar cell efficiencies.14,15 This property is dubbed “anomalous hysteresis” and can
make the determination of high efficiency PSCs difficult by overestimating the open-circuit
voltage, the voltage that is generated across the cell under open circuit conditions.16 This is
beyond the scope of this paper and will be not be further discussed.

Fig. 3: Structure of scaffolded PSCs. The oxide layer, which could be TiO2 or Al2O3, is
represented by circles and the perovskite layer fills in the space between.

In terms of efficiency alone, PSCs rival other solar cell technologies that have been around for
decades. For instance, copper indium gallium selenide (CIGS), cadmium telluride (CdTe), multicrystalline silicon, and thin film silicon solar cells have all been surpassed by PSCs.

1.2. Drift Mobility
One of the intrinsic properties of a material is drift mobility. The drift mobility, D, is defined as
the proportionality factor relating the drift velocity of charge carriers, vD, to the electric field, E.
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𝑣𝐷 = 𝜇𝐷 𝐸

( 1)

The drift mobility is an important value that can have big implications for solar cell
manufacturers, such as prescribing an ideal material thickness.17 There have been a handful of
techniques that can calculate some value that resembles a drift mobility, though often times in
the literature, these values are simply labeled as an effective mobility. Such can be seen in
transistor style measurements where the current travels laterally across a surface rather than
through the surface, which risks unpredictable surface effects contaminating the data. For pure
crystals, the Hall effect measurement is quite sufficient in identifying the majority carrier and
identifying the value of the majority carrier’s mobility. The Hall effect, however, is less clear
when the minority carrier’s mobility is of similar magnitude. There can be issues using this
measurement for lower mobility materials which would require unreasonably large (greater than
10 T) magnetic fields to measure. However, ways to lessen the dependence on high magnetic
fields using ac-fields and novel analysis do exist.18 Application of this technique to PSCs has
also been performed.19 However, photo-carrier time-of-flight is a superior technique that is
especially useful in the low mobility domain.

1.3. Normal and Dispersive Transport
I will be discussing two distinct transport models in this dissertation: normal and dispersive
transport. I primarily use the normal transport model as a pedagogical approach for the
underlying physics in PSCs. I will then discuss a slightly more involved, though relevant,
extension of the normal transport model: the dispersive transport model.
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1.3.1. Normal Transport Model
The normal transport model describes a sheet of moving charges through a medium that causes a
displacement current in the circuit. The displacement current is defined by the change of the
electric field with respect to time. This current diminishes when the charge carriers arrive at any
electrode. The time it takes for the charge to cross the thickness of the medium is called a transit
time, tT. We call this normal transport only if the average drift velocity of the carriers is constant
and we can define a clear transit time depending on the internal electric field.20 To put it simply,
the sheet of charge carriers travels from one end of the medium and drift with a constant velocity
to the opposite end of the medium. Usually the sheet of charges diffuses as it travels causing a
slight broadening of the sheet as it traverses the sample. Though, under low charge carrier
densities this effect can be minimized and is negligible in my measurements. Since the sheet of
charge is moving with a constant velocity, we can say that the position of the sheet, x(t), is
directly proportional to time, t.
𝑥(𝑡) ∝ 𝑡

( 2)

An analysis of transit times at different electric field densities will show that the drift mobility,

D, will be constant as well, under modest applied bias. Increasing the applied bias too much can
cause other undesired effects to occur.
For our present case, we simply need to check that all the charge carriers being measured are
photo charge carriers. If this is the case then the charges collected should saturate at some
sufficiently high bias. This saturation is due to the finite amount of photoelectrons generated
from a short light pulse which drift across the cell quicker with greater applied bias. We call this
photo charge saturation “complete charge collection” and denote it as Q0, see Fig. 4. This is easy
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enough to check for, we can simply shine a low intensity light pulse on the sample at
progressively greater bias through the material until we see that the charge saturates past some
bias. Going much further can cause other charge carriers in the sample to be freed and the ability
to determine the mobility becomes much more complicated. I only used voltages on the order of
the open-circuit voltage which was not sufficient to see this effect.

Fig. 4: Cartoon showing complete charge collection measured at times much greater than the
transit time.

1.3.2. Dispersive Transport Model
In some disordered materials, charge transport is not sufficiently modeled by Eq. 2. The time
dependence on the distance the sheet traveled becomes non-trivial and is proportional to a power
dependent term. The power is called the dispersion parameter which we denote, .
𝑥(𝑡) ∝ 𝑡 𝛼

( 3)

The actual transport of these “sheets” of charge is curious, please refer to Fig. 5. The peak is
localized at the site it was initially created in the medium and then spreads out until the charge is
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collected. The calculation of the mobility is more involved and will be covered in detail in
Chapter 2. Dispersive transport was investigated by Scher* and Montroll in the 1970s.21 They
found that the early time current decreases much slower than later time current. In dispersive
materials, the charge cannot technically be fully collected for any finite time. Though, for all
intents and purposes, a negligible portion is left after a few transit times of collection. This is
contrary to the normal transport case where the charge can be completely collected at finite
times. For all intents and purposes, the current can diminish enough such that we can still define
complete charge collection, Q0, without any worries (i.e. after a few transit times have passed
99% of the charge is accounted for).

*

Harvey Scher received his Ph.D. from Syracuse University under Allen Miller studying many
boson systems.
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Fig. 5: Cartoon of photocurrents and photocharge distributions of normal (top) and highly
dispersive, low , transport (bottom).

1.4. Time-of-Flight
The photo-carrier time-of-flight (TOF) measurement for semiconductors is straightforward
compared to other types of measurements that involve transport phenomenon.22 It relies upon a
thin sheet of charge being created near the surface of the insulating semiconductor (in our case
perovskite) and studying how the sheet of charge evolves with time under the influence of a
constant electric field. Likewise, this is a transient measurement that allows sensitivity to directly
observe phenomena associated with charge transport. The TOF measurement has several
advantages over the aforementioned methods because it is a purely electrical measurement with
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charges flowing through the material normal to the contacts, so there is no need for magnetic
fields and excludes surface effects. Analysis of TOF data can also tell us about the physics of
charge transport in the material, including information on traps and whether the material has
more exotic properties such as time dependent drift mobilities.29,23
The TOF measurement for solar cells involves creating a sheet of drifting photocharges that
propagate through a material from an externally applied electric field, E. From there a transit
time is measured, tT, which corresponds to the average displacement of the sheet of charges to
traverse half the thickness of the perovskite, L, for some constant E. These photocharges are
created using a monochromatic light source. For normal transport, these quantities are then
related by the following expression:
𝐿
𝐸

= 𝜇𝐷 𝑡 𝑇 .

( 1-4)

The choice of wavelength for the light source is important and depends on the material’s
absorption coefficient, a measure of the ability for the MAPbI3 to absorb light at specific
frequencies. Usually a quantum efficiency (QE) measurement is performed to show how much
absorption occurs at different wavelengths of light. A QE measurement gives a ratio of how
many photocharges contribute to the current in a material per absorbed photon. Coupled with the
absorption coefficient, this information allows the experimenter to control how far into the
sample that the sheet of photocharges is created, i.e. light with lower absorption coefficients will
penetrate deeper into the sample whereas light with high absorption coefficients will mostly be
absorbed near the surface. Since the absorption of a photon creates an electron-hole pair, the
absorption depth can also help the experimenter select a carrier for measurement.
The information from this experiment is displayed on an oscilloscope which measures the
voltage change from the displacement current of the moving photocharges in the material across
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the circuits resistance. This is a little confusing so I will take some time to explain. When the
photocharges are created inside the material and start to drift across the sample, they induce a
displacement current which is what causes the voltage on the oscilloscope to give us information.
The displacement current, Jd, is the change in the electric field with respect to time across the
sample and is defined in Eq. 4, where ε is the electric permittivity inside the material.
𝜕𝐸

𝐽𝑑 = 𝜀 𝜕𝑡

( 1-5)

The displacement current density is related to the displacement current, id, and the area through
which the charge flows, A: Jd, = id / A. The term displacement current will not be used for the
remainder of this dissertation and will simply be referred to as the photocurrent. The
photocurrent, iphoto, is defined by the current generated in the dark, idark, subtracted from the
current generated under illumination, ilight:
𝑖𝑝ℎ𝑜𝑡𝑜 = 𝑖𝑙𝑖𝑔ℎ𝑡 − 𝑖𝑑𝑎𝑟𝑘

( 1-6)

For dispersive transport, iphoto has a particular time dependence described by Eq. 1-7 and Eq. 18:21
𝑖𝑝ℎ𝑜𝑡𝑜 = 𝑖0 (𝑡⁄𝑡𝑇 )−(1−𝛼) 𝑓𝑜𝑟 (𝑡 ≤ 𝑡𝑇 )

𝑖𝑝ℎ𝑜𝑡𝑜 = 𝑖0 (𝑡⁄𝑡𝑇 )−(1+𝛼) 𝑓𝑜𝑟 (𝑡 > 𝑡𝑇 )

( 1-7)
,

( 1-8)

where i0 is a common proportionality constant.
These equations complicate the expression of D and cause a bit of confusion when trying to
declare it as a specific value due to its dependence on L/E which I shall discuss in more detail at
the end of Chapter 2.
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1.5. Thesis Relevance
The measurement performed in this thesis is the first temperature dependent transient study of
MAPbI3. I am by no means the first person to report a drift mobility, D, for this
material,24,25,26,27,28 though I am the first to discover the spatially dispersive nature of this
material.29 A summary of measurements made on this material can be found in Fig. 6.
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Fig. 6: Plot of drift mobility measurements made on MAPbI3 by different groups. The solar cell
operation zone is based on a “displacement” field measurement which relates the absorber layer
thickness to the electric field inside the cell. The solid blue line represents the optimal conditions
for solar cell operation30 calculated using values31 from current state of the art MAPbI3 thin film
solar cells. Purple triangle (both carriers)27, pink triangle (both carriers)28, maroon and green open
circles (holes) and solid maroon squares (electrons)29, orange line (no distinct carrier specified)26.
Dotted lines are for visual reference and assume constant photogeneration rates. Blue solid line
shows state of the art cell under operating conditions assuming constant photogeneration rate and
operating voltage.
The information in Fig. 6 warrants discussion. This figure is an attempt to summarize the
importance of the measurements made in this thesis. The blue solid line represents optimal
operation conditions using a space charge limited calculation which is derived from Schiff. 30
µ𝐷 = (

4𝜀𝜀0 𝑑
9𝐽𝑠𝑐

) 𝑡𝑇−2

( 1-9)
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In Eq. 1-9, εε0, represents the relative permittivity, d represents the MAPbI3 thickness, Jsc is the
short-circuit current density, and tT is the average time it takes the photocharge carriers to
traverse halfway through the sample. The numbers used in the calculation were taken from
current state-of-the-art solar cells under operating conditions with Jsc = 21.8 mA/cm2 and
d = 310 nm.31 It is quite fortunate that the time domain of our measurement precisely overlaps
with these conditions. The dotted lines represent constant thickness lines given by Eq. 1-10:
𝜇𝐷 (𝑡𝑇 ) =

𝑑2
2
3

2( 𝑉𝑂𝐶 )𝑡𝑇

( 1-10)

The factor of 2/3 VOC represents an estimate for the operating voltage for a cell that is
maximizing its power output. For these lines we use the value for state of the art for thin film
MAPbI3 solar cells, VOC = 1.12V.31
I have included some other measurements as well, though Ponseca et. al. and Wehrenfennig et.
al. use THz techniques to make their measurements on single crystal MAPbI3. The THz
measurements are not made on solar cell devices and also cannot distinguish between carriers.
Shi et. al. uses space charge limited currents and also single crystal, and never claims what
carrier they are measuring. My measurements were performed on thin film perovskites with both
carrier types being measured. I found that the thin films were dispersive, which is represented by
the dashed lines in Fig. 6. This dispersion is most likely a consequence of spatial disorder which
will be discussed in the following chapters.
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2. Characterization and Measurements of Perovskite Solar Cells
2.1 Fabrication and Device Characterization
In this section I will describe how the PSCs from the National Renewable Energy Laboratory
(NREL) and Iowa State University (ISU) were made and delivered to Syracuse University. I will
also describe some early characterizations of the cells and some

2.1.1 Fabrication
Thin film perovskite solar cells are typically made with a “superstrate” architecture in which
light enters through the glass substrate. The cell itself is an n-i-p or p-i-n planar heterojunction
with the perovskite acting as the intrinsic, “i”, layer. High efficiency cells typically use
perovskite thicknesses on the order of 500 nm; however, for our time-of-flight measurements,
cells around 1000 nm thicknesses were used to combat issues with the electronic rise time, tRC.
Increasing the thickness halves the capacitance (for a given cell area), and at the same time it
increases the transit time for carriers (at a given electric field).
In the literature, the p-layer is typically called the hole-transporting material (HTM).
Perovskite thin films are typically fabricated using one of two processes: solution processing,
which can be further broken down into spin coating or spray processing; and vapor processing.
The cells from National Renewable Energy Laboratory (NREL) were prepared via spin coating
and the cells at Iowa State University (ISU) were prepared via vapor processing. Both cells were
superstrate n-i-p planar heterojunction cells, see Fig. 7.
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Fig. 7: Perovskite solar cell structure from ISU (left) and NREL (right). Light is incident through
the FTO-coated glass.

2.1.1.1 ISU sample fabrication
Samples from ISU were prepared at the Microelectronics Research Center. The process starts
with a fluorine-doped tin-oxide (FTO) coated glass substrate; FTO is a transparent conducting
oxide material. FTO-coated glass was purchased from several vendors. An additional thin layer
of titanium dioxide (TiO2) on the FTO which acts as the n-layer is also present. Lead iodide
(PbI2) is then thermally evaporated under vacuum onto the TiO2 layer. From here the substrate is
transported into a high density grade graphite vessel with methyl-ammonium-iodide (CH3NH2I
or MAI) which is inside a nitrogen glovebox. The vessel is heated such that the interior of the
chamber reaches ~150 ℃ at which the MAI turns to vapor and interacts with the PbI2 until the
color of the film turns from yellow to dark brown, which indicates the formation of perovskite.
From here the substrate is kept for one to two days under vacuum (10-6 torr) at room temperature
to remove excess MAI. Undoped poly-3-hexylthiophene (P3HT) in a chlorobenzene solution is
then spin-coated onto the perovskite layer resulting in the p-type heterojunction. Finally, gold
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(Au) is thermally evaporated as a back contact layer. More details of the process can be found in
Abbas, et al..32

2.1.1.2 NREL sample fabrication
As with the samples from ISU, NREL also prepared a superstrate n-i-p cell with TiO2/FTO/glass
substrate, where the TiO2 layer was deposited using spray pyrolysis, a technique that deposits the
material onto a substrate in a liquid phase while the substrate itself is heated, at 450 oC. The
perovskite is created via solution processing and deposited by spin coating. To start, 24 mL of
33 wt% of methyl-ammonium (CH3NH2 or MA) solution in anhydrous ethanol is reacted with
10 mL of 57 wt% of hydrogen iodide (HI) in water, in a 100 mL ethanol solvent contained at
room temperature in a dry argon atmosphere. Once the reaction has taken place, the solvent is
removed using a rotary evaporator leaving a MAI powder. From here a solvent-solvent
extraction (SSE) method is utilized. This method uses PbI2 and the previously made MAI at a 1:1
molar ratio in N-methyl-2-pyrrolidone (NMP). The solution is then spin-coated on the TiO2 layer
of the substrate and then dipped into a 50 ml bath of anhydrous diethyl ether (C2H5OC2H5 or
DEE) until the film turned brown. The substrate was then quickly dried by blowing N 2 gas on the
substrate at room temperature in an environment kept at 30% relative humidity.
The selected HTM layer is made up of 1 mL chlorobenzene solvent, 30 L 4-tert-butylpyridine
(TBP), 30 L bis(trifluoro-methane) sulfonimide lithium salt stock solution (500 mg Li-TFSI in
1 mL acetonitrile), and 80 mg 2,2’,7,7’-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’spirobifluorene (spiro-MeOTAD). The solution was deposited via spin-coating at room
temperature in an atmosphere with less than 10% humidity. More details of the process can be
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found in Zhou et al..33 The samples are then shipped to Syracuse University where 120 nm thick
silver contacts are deposited via thermal evaporation with a mask.

2.1.2 Stability issues of Perovskite Solar Cells
We will briefly describe current-voltage (I-V) measurements, though it is more practical to
interpret data represented as current density-voltage (J-V) measurements. In J-V measurements
the area of the cell is invariant and the results can be easily scaled for any contact area.
𝐽(𝑉) =

𝐼(𝑉)
𝐴

( 2-1)

Solar cells behave like diodes in the dark. That is, under reverse bias only negligibly small
current exists, i.e. current is blocked from flowing across the cell in the direction of the applied
bias due to internal space charge regions at the p and n junctions. Conversely in forward bias, the
applied field favors the direction of the internal field and current can flow freely.
Analysis of J-V curves for illuminated solar cells allow for the determination of several key
parameters in determining the quality of the devices. The first of these is the open-circuit
voltage, VOC, which is the voltage at which no current flows through the device, I(V)=0.
Perovskites have had many issues affecting the stability of their performance. Such problems
involve time, exposure to humidity, oxygen, high vacuum, and long exposure to ultra violet light
in some instances.34 We monitored the state of the cells principally by measuring the opencircuit voltage from the cells under a solar simulator (Newport Solar Simulator model: 91159).
This parameter was actually measured using a sweep of the current I through the sample as a
function of the applied voltage V.
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Cells that were used for this study were sent overnight from their respective labs, ISU and
NREL, inside a dry nitrogen filled capsule. This capsule was opened in air, and the open-circuit
voltages of the cells on the several substrates were measured. One substrate was selected for
further study and transferred to a vacuum cryostat. The remaining substrates were stored in the
original capsule under dry nitrogen. A few minutes of exposure to air had less than a 0.01 V
effect on the open-circuit voltage. In addition, we compared the Voc before and after
measurements in the cryostat, and these also showed no change in Voc larger than 0.01 V. The
aforementioned process was later replaced by a greatly simplified procedure that involved
immediately measuring the I-V characteristics under illumination to determine which of the
several cells on each substrate had the highest VOC. The open circuit voltage acts as an initial
quality test of the solar cell important for TOF, discussed below. After this characterization, the
samples were put under vacuum for the remainder of the experiment. Samples reported in this
thesis experienced only small decreases in VOC, ~0.05V, after the TOF measurements were
performed, sometimes over the course of five days. Some samples kept under vacuum
experienced minimal change in VOC over the course of a month, though they had minimal light
exposure. A summary of some of these cells is reported in Table 1. Large differences in Jsc are
due to calibration differences between NREL’s equipment and Syracuse’s. The light of the
illuminator at Syracuse was certainly less intense.
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Measured on 8/27 → Measured on 9/3,4,5 resp.
NP1105_1

NP1105_2

NP1105_3

Jsc (different due to calibration) (mA/cm2)

16.7 →12.1

14.8 →3.7

17.5 →8.33

Voc (V)

0.90 →0.79

0.85 →0.72

0.91 →0.75

Fill Factor

0.56 →0.45

0.56 →0.49

0.62 →0.43

Table 1: Comparison of samples pre-shipment and post-shipment from NREL with errors less
than 2%.

2.2.1 Dark Capacitance Measurement
In the time-of-flight method we ideally track a distribution of charges traversing an absorber
layer of thickness d. The time-of-flight analysis requires knowledge of the thickness as an input
in order to obtain a mobility. Presuming the dielectric constant of the material is known,
capacitance measurements can electronically determine this thickness, which in the case of a
light sensitive material, must be performed in the dark. For a n-i-p structure, we achieve this by
taking advantage of the following two equations:
𝐶 = 𝑄𝑑𝑎𝑟𝑘 ⁄𝑉𝑎
𝐶=

𝜖𝜖0 𝐴
𝑑

( 2-2)

( 2-3)

where C is the capacitance, Qdark is the magnitude of the charge in the p and n layers, Va is the
applied bias, ϵ is the relative permittivity (~18 for thin film perovskite)35, ϵ0 is the vacuum
permittivity, and A is the area of the sample. The first task is finding the value of C, which can be
determined by applying a voltage bias pulse and measuring the total charge that flows in the bias
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circuit following application of the pulse. In practice, the dark current, idark, is measured and then
integrated over time to determine the total charge.
𝑡

𝑞𝑑𝑎𝑟𝑘 (𝑡) = ∫0 𝑖𝑑𝑎𝑟𝑘 (𝑡 ′ )𝑑𝑡′
𝑙𝑖𝑚 𝑞𝑑𝑎𝑟𝑘 (𝑡) = 𝑄𝑑𝑎𝑟𝑘

𝑡≫𝑡𝑅𝐶

( 2-4)
( 2-5)

Here we write that Qdark is independent of time for a large integration time, which is valid
because the value of the current falls to negligible amounts exponentially after the initial applied
bias is turned on:
𝑖𝑑𝑎𝑟𝑘 (𝑡) = 𝑖𝑑𝑎𝑟𝑘,0 𝑒𝑥𝑝(− 𝑡⁄𝑅𝐶 ),

𝑖𝑑𝑎𝑟𝑘,0 = 𝑉𝑎 ⁄𝑅

( 2-6)

where idark,0 is the initial current response and RC is the resistance-capacitance product which is
an important parameter called the electronic rise time, often denoted as tRC.
Now that Qdark is known it is possible to determine C and hence the thickness, d, of the sample
using Eq. 2-2 and Eq. 2-3.

2.2.2 Capacitance Setup
A schematic of the dark capacitance experiment can be found in Fig. 8. We start our experiment
by attaching probes to the front (FTO) and back (Au or Ag) contact of the cell, which is typically
inside a cryostat evacuated to ~10-3 torr with a mechanical pump. We are careful not to evacuate
to lower pressures as our cell fabricators have warned that this may cause faster degradation of
the cells. We also monitor and control the temperature using a Lakeshore 321 Temperature
Controller and liquid nitrogen. The liquid nitrogen cools the sample in the cryostat via
conduction through copper contacts. Since the copper contacts the glass side of the sample, we
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used vacuum grease between the glass and copper to ensure thermal contact. The front and back
contacts are then attached to a LeCroy 9350CM 500MHz oscilloscope via coaxial cables. We
synchronize a DC voltage pulse from our voltage pulser (Avtech AV-1015-B) to the trigger of
the oscilloscope and output our voltage pulse to the front contact of our sample at CH2 on the
oscilloscope. The voltage generator produces a constant DC pulse signal which is on for ~100 s
a rate of 1 Hz. This process is repeated for 100 cycles to average out random noise in the signal.
The signal is then sent to a computer for data analysis.

Fig. 8: Experimental schematic of capacitance measurements. The sample "front" refers to the
contact on the glass side and the sample "back" is the contact dot Au (Ag) for ISU (NREL)
samples. Coaxial cables (50  impedance) are used for connections between the pulser, sample,
and digital oscilloscope).

2.2.2.1 Dark Capacitance from ISU Sample
The perovskite solar cell samples received from Iowa State (ISU) MAPbI3 thicknesses were
initially determined during fabrication and reported to our lab along with the shipment of the
samples. Back contacts were prepared at ISU and upon arrival were found to be irregularly
shaped, best attempts at area estimates for the sample described in this section are between
0.038-0.045 cm2. The thickness of the perovskite layer determined during fabrication of the
sample was reported to be 1.2 m. The dark charge, qdark, of the sample was determined from the
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integration of the dark current, idark, measured at a given Va, see Fig. 9. The charge does not look
like it is being collected fast enough for larger Va, however, at long enough times (t > 12 s) the
charge remains constant and Qdark can be determined. In Fig. 10, Qdark is plotted against the
applied bias and a linear fit is performed to determine the capacitance from Eq. 2-2. Using the
value of capacitance, and a literature value of 18 for the relative dielectric constant, we estimate
that the thickness of the perovskite layer is between 1.1 m and 1.3 m with the range stemming
from the uncertainty in the area.
In Fig. 11, this capacitance is used to determine a goodness of fit to the time dependent dark
current originally measured (𝑖𝑑𝑎𝑟𝑘 (𝑡) = 𝑖𝑑𝑎𝑟𝑘 (0) exp(−𝑡⁄𝑡𝑅𝐶 ). The resulting time constant is
also determined, tRC = 69 ns. We expect that 𝑡𝑅𝐶 = 𝑅𝐶, from which we infer that 𝑅 = 125 .
Since the electronics contributes 100  (50 for the pulser and 50 for the oscilloscope), it came as
a surprise that 25  was due to the solar cell. This resistance contributes to tRC and limits our
ability to measure signals that approach this value. The value is presumably due to connections
to the cell, but we did not determine its precise origin.
We have performed this procedure at all temperatures used to determine drift mobilities and
report our measurements in Fig. 12. There appears to be a small decrease in capacitance with a
rise in temperature.
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Fig. 9: Transient charge collection in the dark at various applied bias Va, +0.2 V to -0.7 V (top to
bottom) in steps of 0.1 V from ISU sample I3B1 at room temperature.
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Fig. 10: Total charge collected in the absence of illumination at 16 s after the initial response of
the applied bias from ISU sample I3B1 at room temperature. The red dashed line is the linear fit
of the data to determine the capacitance value from Qdark = CVa.
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Fig. 11: Dark current fit (Eq. 2-4) with capacitance determined from Eq. 2-1 from the dark
charge versus applied bias fit. The two curves are fitted to an exponential decay with parameter
𝑡𝑅𝐶 = 69 ns. Parameters used are C = 554 pF, R = 125 .
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Fig. 12: Capacitance plotted from ISU sample I3B1 at various temperatures. Data was measured
from 325K first and then in descending monotonic order. The red dashed line represents a linear
fit of the capacitance over the temperature range yielding a slope of -0.72 pF/K with an error of
0.095 pF/K.
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2.2.2.2 Dark Capacitance from NREL Sample
The perovskite solar cell samples received from the National Renewable Energy Laboratory
(NREL) thicknesses were also initially determined during fabrication and reported to our lab
along with the shipment of the samples. Back contacts were prepared at Syracuse University and
immediately upon arrival sample areas of 0.031 cm2 were made. The thickness of the perovskite
layer determined during fabrication of the sample was reported to be 0.8 m. The dark charge,
qdark, of the sample was determined from the integration of the dark current, idark, measured at a
given Va, see Fig. 13. Once again the charge does not look like it is being collected fast enough
for larger Va, however, at long enough times (t > 25 s) the charge remains constant and Qdark
can be determined. In Fig. 14, Qdark is plotted against the applied bias and a linear fit is
performed to determine the capacitance from Eq. 2-2.
In Fig. 15, the capacitance value found using the total dark charge is used to determine a
goodness of fit to the time dependent dark current originally measured. As can be seen in the
figure, the fit parameters predicts the time dependence of the dark current well. We report an
even higher resistance through the solar cell of 40 , however. Using the value of capacitance
we verify that the thickness of the sample is 0.8 m. The resulting time constant is also
determined, tRC = 88 ns.
We have performed this procedure at all temperatures used to determine drift mobilities and
report our measurements in Fig. 16. There appears to be a small increase in capacitance with a
rise in temperature, contrary to what was found in the ISU sample. These findings should be
further investigated in the future to determine if the change in capacitance is real. Our
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collaborators from NREL have also provided an SEM image verifying their determined thickness
from fabrication of from a 950 nm thick sample, Fig. 17.
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Fig. 13: Transient charge collection in the dark at various applied bias Va, +0.8 V to -0.8 V (top
to bottom) in steps of 0.2 V from NREL sample N3B2 at room temperature.
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Fig. 14: Total charge collected in the absence of illumination at 30 s after the initial response of
the applied bias from NREL sample N3B2 at room temperature. The red dashed line is the linear
fit of the data to determine the capacitance value from qdark = CVa.
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Fig. 15: Dark current fit (Eq. 2-4) with capacitance determined from Eq. 2-1 from the dark
charge versus applied bias fit. Parameters used are C = 627 pF, R = 140 , and V = -0.2 V
(orange) and -0.8 V (blue). The associated tRC is thus 88 ns.
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Fig. 16: Capacitance plotted from NREL sample N3B2 at various temperatures. Data was
measured from 325 K first and then in descending monotonic order. The red dashed line
represents a linear fit of the capacitance over the temperature range yielding a slope of +0.96
pF/K with an error of 0.23pF/K.

Fig. 17: SEM cross section image from NREL verifying the thickness of the determined value
from fabrication, 1.0 m for this sample.
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2.3 Time-of-Flight Measurement
There are several experimental methods to determine the drift mobility of charge carriers in a
semiconductor, as was discussed in Chapter 1. For this dissertation, I use a photocarrier
time-of-flight (TOF) measurement which is preferable to determine the drift mobility of a
semiconductor because it allows for time dependent analyses and is quite straight forward in
terms of the underlying physics.
For TOF, a sheet of charges is typically generated at the surface of the semiconductor which then
drifts via an applied electric field, Ea, across the semiconductor to a back contact where the
charges are collected. It is important that the sheet of charges generate a negligible electric field
compared to the applied field. In this way the charges do not create a field large enough to affect
the motion of other charges in the sheet, leaving the only applied force on the sheet coming from
Ea generated by the direct current (DC) voltage pulse. We define the total charge collection, Q0,
as the total charge produced by the light generating the sheet of charges. At long enough times, it
is possible to collect all of Q0. In the presence of traps, however, it might take a very long time
before Q0 can be collected. Trapped charges can be freed via thermal excitations, if traps were
present they could be studied by changing the temperature of the sample and noting how much
time passes for charges to be freed from their traps. We define the transit time, tT, as the average
time it takes the photocharges to traverse halfway through the sample.
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Fig. 18: Cartoon summary of the TOF process. Left, an applied DC bias, Va, (voltage pulse) is
applied which creates an applied electric field (small light arrows) through the perovskite
(orange). Middle left, the light pulse (big bold arrows) generates carriers at the surface of the
perovskite. Middle right, the carriers then drift due to the electric field. When half the carriers,
Q0/2, are collected we call this the transit time, tT. Right, all carriers have been collected, Q0, at a
time much larger than the transit time.

2.3.1 TOF Experimental Setup
The setup for TOF is nearly identical to the dark capacitance measurement with the addition of a
monochromatic light source to illuminate the front of the sample. We used a commercial 660 nm
laser diode (QPhotonics, LLC., QLD-660-80S, 1 ns risetime) attached to an AVTECH
AVO-9L-C pulse generator. We estimate the absorption length in the perovskite material to be
about 0.2 x 10-6 m with 660nm light. The purpose of the laser is to synchronize a delayed pulse
of light that is used to generate photocarriers. This delay is anywhere from 20-50 s from the
initial DC voltage pulse used to instantiate a constant electric field in the perovskite in which the
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generated photocharges will drift. This time delay is determined by monitoring the DC pulse
voltage on the oscilloscope to ensure that the field in the sample is constant prior to photocarrier
generation. For the initial set of TOF measurements, the light amplitude is adjusted such that the
total photocharge is around one tenth the charge from applying a bias of 0.3 V; the mobility
measurements were not noticeably affected by photocharges of this magnitude. After the
amplitude of the light source has been set, it remains constant and running throughout the
experiment unless otherwise noted. These measurements immediately follow from the dark
capacitance measurements without changing the sample environment held under vacuum at a set
temperature. In fact, the vacuum is never broken for the entire temperature dependent study for
dark capacitance and TOF measurements for a given sample. A schematic of the TOF
experiment can be found in Fig. 19. To eliminate the effects of small dark currents still flowing
following the application of the voltage pulse about 20 microseconds before the laser pulse, we
subtracted these measured currents from the measured currents following the laser pulse. The
TOF analysis requires the study of strictly photocarriers traversing the sample, thus I make use of
the difference between two measurements: one measurement with the light source blocked from
reaching the sample (dark) and one measurement with the light source illuminating the sample
(illuminated). In these types of experiments, one can assume a type of superposition between the
two measurements, where illuminated data is simply dark data with photocharge effects, due to
low photocarrier densities not self-interacting with the field they produce. In other words, the
photocharges are small compared to the CV charge.
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Fig. 19: Schematic of the TOF experimental setup.

2.3.2 Time-of-flight
In order to measure the carrier drift mobilities, D, in the cells, we use the TOF technique which
measures the transient photocurrent, iphoto, of the photocharge carriers, qphoto, response due to a
short pulse of monochromatic light under a constant applied bias, V. The analysis of this
technique is simplified if the incident light is absorbed within a thin layer near the absorber's
surface. The newly formed sheet of photocharges must then "drift" through the thickness of the
absorber layer, d, until they reach the back contact. Once the photocharges arrive at the back
contact, the resulting photocurrent can be measured and analyzed. Since the light pulse is very
short, there are a finite amount of generated photocharges that can be extracted from the solar
cell if the total electric field, E, inside the sample is large enough. When an increase in electric
field produces no change in the amount of photocharge recovered, we say that the sample is
complete charge collected with a total charge, Q0. Here, photocharge is simply the integrated
photocurrent.
𝑡

𝑞𝑝ℎ𝑜𝑡𝑜 (𝑡) = ∫0 𝑖𝑝ℎ𝑜𝑡𝑜 (𝑡 ′ )𝑑𝑡′

( 2-7)
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It is not favorable to have photocarriers generate fields which are comparable to the internal field
of the cell because then an additional self-interacting term of the photocarriers would become
non-negligible. Thus, a general rule is to keep the field from photocarriers, below 10% the field
measured in the dark. I monitor this field by comparing the amount of the signal measured in the
dark capacitance to the photo charge measured. This amounts to simply tuning the intensity of
the light pulse.

2.3.2.1 TOF Measurement of ISU sample
In this section I will discuss the raw data findings for samples acquired from Iowa State (ISU)
using the TOF description above. Samples were measured immediately after the sample
thickness, d, and electronic rise time, tRC, determination from the dark capacitance measurement
discussed earlier without breaking vacuum. Unlike the dark capacitance measurement, the TOF
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measurement is done in two stages. In the first stage, a DC voltage pulse lasting 50 s is pulsed

Fig. 20: Photocurrent transients (magnitude) for different applied reverse biases (left) and
forward biases (right) in V319_B1 at room temperature.
at 2 Hz. I then average over the signal for 100 cycles in the dark, which I call idark, just as in the
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dark capacitance measurement. The current acquired from this stage builds up and then becomes
negligible after a few microseconds, see Fig. 15. This same effect allowed us to make the dark
DC capacitance measurement from before, where at long times the charge, integrated current,
remained constant. The second stage exposed the sample to light from a laser diode for a
duration of 5 ns (at 2Hz repetition) synchronized at a time when the dark current is negligible,
usually a few microseconds after the voltage pulse is initiated. In Fig. 20, we see the resulting
photocurrent from different applied voltages. We note that the photocurrent does not fall off
abruptly which would represent a sheet of charges making all the way through the perovskite
layer, but rather of the form 𝑡 −𝑛 where n is some positive real number. We also note that the later
time current behavior is similar for all applied bias, that is n(Va) is constant.
For Fig. 21 we’ve calculated the transient photocharges for different Va. In the left hand plot we
show the integration of the photocurrents (photocharges, qphoto) and see that the rise time
behavior is inherited from the slowly falling photocurrents. On the right hand plot we show
collected photocharges at a time of 3 s after the initial charge collection at different applied
bias. The use of these plots are standard in TOF measurements, they are necessary to establish
that the charge eventual saturates at a value Q0 for a finite Va. This establishes the condition of
complete charge collection. Samples can break under large enough bias, so we exercised caution.
It is extremely fortunate, and also to our knowledge never before observed, that both charge
carriers could be measured from a single TOF measurement. One would expect that a forward
biased solar cell would have large dark currents that would preclude observation of the
photocharge transients.
One issue that arises from this effect is that we observe charge transients that switch from
negative to positive in a single transient. This effect can be seen in Fig. 21 (left), for the Va = 0 V
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transient. It cannot be interpreted using a uniform built-in field; we discuss this further in a later
section. The curve through the data of the right panel involves a deep-trapping model. The idea is
that carriers that are in transit for long times get captured by defects or grain boundaries before
they can finish crossing the sample. As a consequence, we don’t observe complete collection of
these charges within the 3 s time window. We extracted a “deep trapping mobility lifetime
product” from this behavior.

Fig. 21: (left) Photocharge transients at room temperature of sample V319_B1 from ISU. Open
circles represent transients that correspond to a net hole contribution for a given Va and closed
circles are for transients that correspond to a net electron contribution. (right) Photocharge vs.
applied bias plot showing the photocharge collected at 3 s for different Va. The open circles
(filled squares) represent hole (electron) data where the dotted lines represent the total charge
collection Q0.
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2.3.2.2 TOF Measurement of NREL sample
In this section I will discuss the raw data findings for samples acquired from the National
Renewable Energy Laboratory (NREL) using the same method as was used with the ISU
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Fig. 22: Photocurrent transients for different applied reverse biases (left) and forward biases
(right) in NREL_930_3 at room temperature.
the ISU samples, we again see that the photocurrent decreases as a power law and is constant
across the entire range of biases measured. We also note that the post-transit time current
behavior is similar for all applied bias.
For Fig. 23, we once again observe that the photocharges are not being collected in a normal
way. We can once again observe both holes and electrons in one continuous experiment and we
see that they interfere in a non-trivial way at low applied bias. Modeling these effects at low
applied bias might yield some interesting physics, however, without a way to test only one
carrier at a time the results would merely reflect a phenomenological approach at this time.
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Fig. 23: (left) Photocharge transients at room temperature of NREL_930_3. Open circles
represent transients that contribute to a net hole contribution for a given Va and closed circles
are for transients that contribute to a net electron contribution. (right) Photo-charge vs. applied
bias plot shows the photocharge collected at 3 s for different Va. The open circles (filled
squares) represent hole (electron) data where the dotted lines represent the total charge
collection Q0.

2.3.3 Drift Mobility Determination (with dispersion)
For our analysis we also need to define a transit time, tT. We use the definition that an initially
narrow photocharge distribution has a mean position that is halfway across the perovskite layer
thickness, which corresponds to the time it takes to collect half the total charge.
𝑞𝑝ℎ𝑜𝑡𝑜 (𝑡𝑇 ) = 𝑄0 ⁄2

( 2-8)

Though we have displayed this value previously, we now highlight its usefulness. We first treat
the simplest case where the drift velocity 𝑣𝐷 of the photocharge distribution is constant vD = DE.
This type of behavior is what we will refer to as “normal” transport and reflects the simplest
transport model in that it is free of trap states and dispersion. In normal transport tT is inversely
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proportional to E such that D is constant, rather, vD is proportional to E. The presence of the
factor 2 in the denominator stems from how we defined tT.
𝑖𝑝ℎ𝑜𝑡𝑜 (𝑡) = {

𝑄0 /2𝑡𝑇 , 𝑡 < 2𝑡𝑇
0, 𝑡 > 2𝑡𝑇
𝑑

𝜇𝐷 = 2𝑡

𝑇𝐸

( 2-9)

( 2-10)

This of course is a simplistic model that neglects diffusion effects.
In the presence of normal transport with deep-trapping, i.e. when the photocarriers get
trapped in defect states which have higher energies compared to the thermal energy that is
available to the photocarrier, the measured drift velocity is still constant. However, the total
charge collected for smaller values of E will fall short of Q0. This will once again yields a
constant D. It is not at all necessary for D to be constant in all materials. This brings us to our
last transport model that we shall discuss.
Dispersive transport is a spreading of the initial "sheet" of photocarriers distribution in
the direction of motion. This spreading is in addition to, and generally much larger, than the
diffusive broadening of a sheet of carriers as time passes. Pioneering work on this subject,
relating to modeling transport phenomena, was performed by H. Scher and E. Montroll in the
1970s.36 Unlike normal transport where iphoto is constant, Scher and Montroll proposed that, if the
transport of a charge carrier is dispersive then there should be a power law behavior between
iphoto at tT.

𝑖𝑝ℎ𝑜𝑡𝑜 (𝑡) = {

𝑖0 (𝑡⁄𝑡𝑇 )−1+𝛼 , 𝑡 < 𝑡𝑇 , (𝑝𝑟𝑒 − 𝑡𝑟𝑎𝑛𝑠𝑖𝑡)
𝑖0 (𝑡⁄𝑡𝑇 )−1−𝛼 , 𝑡 > 𝑡𝑇 , (𝑝𝑜𝑠𝑡 − 𝑡𝑟𝑎𝑛𝑠𝑖𝑡)

( 2-11)
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These expressions are consistent with the earlier definition of the transit-time as corresponding to
half-collection of the total photocharge 𝑄0 . Here 𝑖0 = 𝑄0 ⁄(2𝛼𝑡𝑇 ) and  is the dispersion
parameter which ranges in value from 0 to 1. Dispersion has a second implication, which is that
the drift mobility (as defined above) has an implicit dependence on the actual transit time. The
drift mobilities at two different transit times are related according to:
𝜇𝐷 (𝑡𝑇,1 ) = 𝜇𝐷 (𝑡𝑇,2 )(𝑡𝑇,1 ⁄𝑡𝑇,2 )

𝛼−1

( 2-12)

Dispersive transport can have several origins, including a distribution of trapping states (the
“multiple-trapping” model),37 spatial effects (“fractal structure”),38 and some models in which
carrier transport is due to hopping between localized states.39
We’ll return to mechanisms for dispersion in perovskite layers in Chapter 3. Dispersion
already looks promising from our observation of the log photo-current at long times in the
samples from both ISU and NREL. An equivalent result that will be useful for discussion is:
𝜇𝐷 =

𝜇0
𝛼

(𝜈𝑡𝑇 )𝛼−1 .

( 2-13)

Here we have introduced two fitting parameters, though 0 can be viewed as some drift mobility
at a transit time 1/.
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Fig. 24: Photocurrent transient for different applied reverse biases, displaying Gaussian "normal"
transport, blue line, and post transit dispersive transport, orange line with i0 = 44 A, tT = 120 ns,
and  = 0.71. For reference, a dashed vertical line marks the transit time for Va = -0.5 V.
As can be seen from Fig. 24, the Gaussian appears to fit well for pre-transit times
whereas the dispersive model fits better for post transit times. It is important to remember that
the RC time is around 70 ns in this sample and plagues the analysis of the pre-transit photocurrent. There is a delicate balance in our data between the RC time constant and when the
photo-current signal is low and becomes noisy. It is for this reason that we look at the behavior
of the integrated photo-current (photo-charge). It is important to note that all of the dispersion
parameters were calculated from post transit decays, see Fig. 24, were not how the dispersion
parameters were measured. The analysis of all transit times at varying applied biases were
compared at a specific temperature to get an average dispersion parameter, see Fig. 27. The value
of dispersion from post transit decays does not vary far from the average dispersion value.
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Fig. 25: (top) The symbols illustrate drift-mobilities as a function of transit times for two
samples. The solid lines are fits to these data given dispersion parameters of 0.71 (ISU
V319_B1) and 0.40 (NREL_930_3_B2); see equation xx. (bottom) The symbols indicate
normalized photocharge transients for two samples; the transients were chosen to have transit
times close to 130 ns; by definition, the charge transients pass the value 0.5 at the transit time.
The solid lines indicate dispersive transport calculations using the same dispersion parameters
used for the top panel. The dashed lines are calculations using normal transport with deeptrapping.
In the top part of Fig. 25 we see a summary of the drift mobilities found from the samples
at room temperature. The dispersion model is used to fit the mobilities with Eq. 2-13. At this
time I would like to remind the reader that drift mobilities calculated in samples with dispersion
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are transit time dependent. That is for highly dispersive samples, low , the initial sheet of
photo-charge spreads, or “disperses”, faster than a sample that is less dispersive, higher .
On the bottom portion of the figure we show the best fits for the photocharge transients selected
to both have transit times of 130 ns. In this case it is quite clear that the dispersive model fits the
data quite well. It is remarkable that the dispersion model does not require information on the
applied bias, rather, just the transit time and dispersion parameter. For reference, the dashed lines
that indicate normal transport including deep trapping. In this model the photocarriers traverse
the sample as a thin sheet with some of the carriers being caught in trap states (thus not
experiencing full charge collection). This comparison is made to rule out the normal deep
trapping scenario.
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Fig. 5: Cartoon of photocurrents and photocharge distributions of normal (top) and highly
dispersive, low , transport (bottom).
I have included Fig. 5 from the previous chapter, for convenience, to act as a visual guide
to understand the phenomenology of dispersive transport. The diagram is not at all to scale,
though the area under the distributions at each time step are meant to be equal and represent the
total charge, Q0. The middle plot shows some spreading of the sheet and the last plot shows our
definition of transit time, when half of the total charge traverses the sample. A quick remark on
the justification of our choice shows that the transit time measures the average velocity of the
entire distribution. This model also gives us insight on why the post-transit current fades much
slower than in our other models.
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2.3.4 Temperature Dependence
I would finally like to discuss the temperature dependence of the drift mobilities and
dispersion parameters of the samples. I measured the samples in the setup described above in the
discussion on dark capacitance and TOF, see schematic in Fig. 19. I used thermal grease to
couple my sample thermally to the cryostat. Measurements were initially made at room
temperature. Afterwards, the sample temperature was increased to the high range of 325K. After
measurements were made, the temperature was reduced and the process was repeated at cooler
and cooler temperatures until around 175K. Each temperature dependent study was performed
over the course of two days.

normal photocharge (qphoto/Q0)

V319_B1
q(t, -0.5V)

1.0

T=325K
T=293K

0.8

T=250K

0.6

T=225K

0.4
0.2
0.0
0

1

2

3

time (s)
Fig. 26: Temperature dependence of charge transients (normalized to Q0) at an applied bias of 0.5 V.
In Fig. 26 the normalized photocharge transients are shown for four different
temperatures. As is evident, the “transit time” gets much longer as the temperature falls. The
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lessening of photocharge at lower temperatures corresponds to a decrease in the hole drift
mobility that we’ll show in more detail shortly.
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Fig. 27: L/E vs. transit time plot of holes for a range of temperatures in V319_B2.
In Fig. 27 we see how the quantity 𝐿/𝐸 varies with the transit time. Here we define 𝐿/𝐸 as the
distance a charge travels per given electric field:
𝐿
𝐸

𝑑2

= 2(𝑉−𝑉 )
0

( 2-14)

Since we have defined the transit time above as the time when half the total charge is collected,
we can define, 𝐿 = 𝑑/2, as the average displacement of the charge carriers during the transit
time. 𝑉0 is the correction to the internal field obtained from the cross over observed from the
photocharge vs. applied bias plot, see right side of Fig. 21and Fig. 23. For our samples 𝑉0 is a
small correction rarely more than 10% of the field at low applied bias.
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There are a few interesting things with the behavior of 𝐿/𝐸 that I would like to discuss before
moving on. First, 𝐿/𝐸 has dimensions of a mobility lifetime product. That is to say, that
𝐿

𝜇𝐷 𝑡 𝑇 = 𝐸 .

( 2-15)

Even more interesting is that any similar increase in both 𝐿 and the field E would cancel and
have no effect on the mobility lifetime product.

2.4 Summary
We received samples from ISU and NREL to measure the drift mobility. Perovskite samples
degrade quickly and the opportunity to go back and remeasure samples was not feasible for
longer experiments such as temperature dependent TOF measurements. Samples arrived on a
glass superstrate, each with around four or more contact points for measurement. These contacts
started off too large and samples too thin which yielded electronic rise times greater than transit
times, tRC > tT. These early samples were carefully scribed to reduce the area of the contact, thus
reducing the capacitance, in hopes of finding a signal. It is important to note that the drift
mobility relates to the transit time in TOF measurements, and at this point the mobility was
unknown. It was fortunate that we were able to get a signal with our scribing method and thus an
order of magnitude estimate of the mobility. Samples from then on were sent with smaller
contacts and thicker perovskite layers so that accurate measurements could be performed
reducing the electronic rise time from ~10-6 s to ~10-8 s.
After the rise time for the sample dot was established, we would measure the drift mobility using
the TOF method. We observed early on that samples had photocurrent behavior atypical of
normal transport, having power law post transit decays. A fortunate surprise was finding that the
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samples allowed for determination of both charge carriers mobility without the need to break
vacuum or special contacts.
I also discovered that the cells measured were found to be dispersive. To reiterate, to be
dispersive means that the drift mobility is dependent on the time it takes photocharges to traverse
the sample.
Lastly, I found that the dispersion parameter, , is independent, or weakly dependent, on
temperature. This is not the first time such a behavior has been observed,40 and may hint at
something like partially aligned ferroelectric domains inside the perovskite.41 A summary of our
results can be found in Fig. 28. I have included an extra table that summarizes sample
information at room temperature, see Table 2.

h

μe
cm2/Vs

e

0.62 0.21

0.71

1.4

0.56

1.20

0.65 0.53

0.84

-

-

N3C3

0.80

0.90 0.14

-

0.72

-

N4C3

0.89

1.00 0.063

0.40

0.11

0.43

Sample

Thickness
μm

VOC
V

I3B1

1.20

I3B2

μh
cm2/Vs

Table 2: Sample codes - I: Iowa State University; N: National Renewable Energy Laboratory.
Mobilities and dispersion parameters correspond to the displacement-field ratio
L/E = 10-8 cm2/V.
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Fig. 28: Summary of temperature dependence of dispersion parameter (top) and drift mobility
(bottom) for various samples. The drift mobilities correspond to L/E = 1.0x10-8 cm2/V. Open
triangles represent hole data from V319_B2, open (closed) circles represent hole (electron) data
from V319_B1, and open (closed) stars represent hole (electron) data from NREL3_C3.

52

3. Discussion and Physics Implications
In the previous section we discussed the photocarrier time-of-flight (TOF) measurement for
methyl-ammonium lead iodide, perovskite structured, solar cells. In particular we found that this
material has a transit-time dependent drift mobility, D(tT). Due to this dependence, the material
is called dispersive with a dispersion constant . Even more surprising we found that the
dispersion parameter is, at most, weakly dependent on temperature. Care is needed to compare
other measurements because of this time dependence and our choice of L/E value. In the first
section we shall discuss different types of measurements used to obtain a drift mobility. A
summary of mobilities made with different techniques is given in Table 3.
Mobility
Measurement

Time of Flight

 (cm2/Vs)

1(e) 0.2(h) (42)

type

thin film

DC SpaceCharge Limited
Currents
2.5 (43)

single crystal

THz
Spectroscopy

Hall Effect

12.5(e) 7.5(h) (44)

1.5 (46)

8 (45)

66 (47)

single crystal /

thin film /

scaffold Al2O3

single crystal

non-dispersive

great

ok

great

assumes
effective mass

dispersive

great

device
applicability

ok

transient only,
difficult
ok

no fundamental
theory, difficult
not in a relevant
time domain

no fundamental
theory
not quantitative

Table 3: Comparison of different measurements for their ability to measure mobilities for
dispersive and non-dispersive materials.
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3.1: Hall Effect Measurement
The Hall effect48 is the oldest way to measure the charge carrier mobility of a material. This
effect is related to the Lorentz force acting on the effective mass, meff, of the moving charge with
acceleration a: 𝑚𝑒𝑓𝑓 𝒂 = 𝑞𝒗 × 𝑩.
The electrical current through the sample defines the direction of the drift velocity 𝒗, and the
magnetic field 𝑩 is aligned normal to the current and to a surface of the sample. Charge then
builds up to create an induced voltage across the material called the Hall voltage, VH. Based on
the strength of the current and magnetic field one can deduce the Hall resistance, RH, of the
carriers inside the material. We can then relate the Hall resistance to the density of carriers, n,
with charge e. This result is summarized in Eq. 3-1.
1

𝑅𝐻 = − 𝑛𝑒

( 3-1)

Assuming the material is well ordered, we can relate the mobility to this value by Eq.3-2,
µ𝐻 = −𝑅𝐻 𝜎,

( 3-2)

where σ represents the conductivity of the material.

We distinguish between Hall mobility, H, and drift mobility, D, in the sense that there is some
ambiguity using the Hall effect. The reason for this issue arises because of an ill-defined band
structure near the band edge, which is certainly the case for a disordered material like amorphous
Si, for which the Hall Effect does not even correctly identify the majority carrier.49 Drift
mobilities determined from the Hall effect are derived using the Drude model. In the case of
disordered materials, more exotic theories, i.e. “hopping” models, may be applied to explain the
data. However, this measurement works particularly well with highly ordered crystals, especially
alkali metals and crystalline semiconductors, in which the DC conductivity is well modeled by
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Drude.50 Using the Hall effect to understand the transport behavior is also worrisome in many
disordered materials due to the failure to predict time dependent effects, such as dispersion.

Fig. 29: Schematic of DC Hall measurement.

3.2: THz Photoconductivity Measurement
The THz measurement utilizes THz frequency resolution, which corresponds to picosecond
(10-12 s) time domain. This method works by taking picosecond resolution snapshots of a
waveform that are separated by a small delay-time step. These snapshots give information about
the conductivity, σ, of the material and can be related to the total mobility, µe + µh, multiplied by
the charge generation quantum yield, ξ, see Eq. 3-3.27
(𝜔)𝜀 𝑐

Δ𝐸

∆𝜎 = 𝜉(𝜇𝑒 + 𝜇ℎ ) = − Δ𝐸𝑒𝑥𝑐(𝜔)𝐹𝑒0
𝑔𝑠

0

1
1−𝑒 −𝛼𝐿

( 3-3)
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The measurement requires information on the ground state of the THz wave’s electric field, ΔEgs,
the fluence of photons from the excitation light (light being absorbed by the material), F, the
absorption coefficient, , at the excitation wavelength, , and the thickness of the material, L.
The constants: ε0, e0, and c, represent the electric permittivity of free space, the fundamental
charge of an electron, and the speed of light, respectively. The excited state of the electric field
captured by the THz wave, ΔEexc, is measured by the detector only after photoexcitation has
created a sheet of charges inside the material and represents the electric field induced by
photoexcitation. Whereas ΔEgs is obtained by firing a THz wave through the sample prior to
photoexcitation (a THz probe of the electric field inside the material in the dark). The relation of
the conductivity to the mobility is derived with the Drude model which assumes the material is a
pure crystal. Since the measurement is performed in the picosecond time domain, we are far
outside the operating conditions of real solar cell devices.
The measured values of the mobilities from Ponseca et al.27 and Wehrenfennig et al.28 are of
order 10 cm2/Vs and 8 cm2/Vs respectively, see Table 2. These values, considering a ~10-12 s
time domain, yields surprising consistent results with our samples with dispersion. In Ponseca’s
measurement they used a sample with thickness 200 nm and measured a mobility of 12.5 cm2/Vs
for electrons at room temperature. If we assume that their sample is comparatively dispersive to
what was studied in this dissertation, i.e.  = 0.7, we can compare their mobility to our quoted
values at an L/E = 10-8 cm2/V. We find, surprisingly, that D(10-8 cm2/V)THz = 0.63 cm2/Vs
which is consistent with our measured values. Wehrenfennig’s measurement is similarly
consistent.
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Wehrenfennig51 shows transient photoinduced response for different fluences. This measurement
should be sensitive to dispersion effects at low fluences (where Langevin and Auger
recombination effects are negligible) and should show up as a decay in the signal. It is curious
that the MAPbI3 plot tucked away in the Supplementary Materials does exhibit slight visible
variation of the photoinduced response between a few picoseconds to two nanoseconds. It may
also be the case that Langevin recombination is still dominating the decay at the induced charge
density. This effect is less clear for the main article’s plot displaying signals from MAPbI 3 (3:1)
and MAPbI3-xClx.

3.3: Space Charge Limited Currents
Space charge limited currents (SCLC) are an interesting way to extract a mobility from a
material as well. When a relatively modest bias is applied to a material, the current-voltage
characteristic will be linear, and we call this region “Ohmic” after Ohm’s Law which describes
its behavior. However, Ohm’s Law breaks down if space charge builds up sufficiently in the bulk
of the sample causing an injection of charge carriers from the contacts. In the simplest case the
current scales as the square of the applied bias voltage. This relation is better known as the MottGurney law52:
𝐽=

9 𝜀𝜇𝑉𝐴 2
8

𝑑3

( 3-4)

where J is the current density,  is the permittivity,  is the drift mobility of the charge carriers,
VA is the applied bias, and d is the distance between the two electrode contacts. With a priori
knowledge of the permittivity and distance, one can simply fit a current voltage measurement on
a log-log scale with the resistance as a fitting parameter for the bias domain where the current is
Ohmic and the mobility as a fitting parameter in the SCLC region.

Current Density J (arb. units)
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Fig. 30: Illustration of J-V relation of material exhibiting SCLCs without traps. The lower
voltage region is modeled by a linear (Ohm’s Law) relationship, whereas the higher voltage
region exhibits a power law relation of order two.
Shi et al. made SCLC measurements on a single crystal of size 1.64mm x 2.76mm x 2.76mm.53
They found that the mobility of their crystals of CH3NH2PbI3 was around 1 cm2/Vs. The value
that they measured is slightly higher than the value we report and does not appear to be
dispersive (i.e. the sample has a constant mobility for increasing field inside the sample). Though
without a transient measurement we cannot say conclusively how this differs due to our drift
mobility being transit time dependent. This is not discouraging because they used single crystal
perovskite for their measurement and dispersive behavior seems only to happen in materials with
disorder; however, puzzling how a perfect crystal can have such a low mobility, see Table 2. The
results are actually hard to compare without a transient study of the field dependence. Also
remember that our choice of L/E field to quote the mobility value at (10-8 cm2/V) was chosen to
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resemble operating conditions of a working solar cell device though on physical grounds this
value is arbitrary. For comparison, dispersive porous Si reported values of mobility at an L/E
field of 1.6∙10-10 cm2/V.54

3.4: A Final Note on Perovskites
Perovskites studied in this dissertation have solely focused on thin film CH 3NH3PbI3 (MAPbI3)
and mobilities were found to be modest with conditions resembling device operation,
10-1 cm2/Vs. There are other perovskite materials that have shown larger mobilities than
CH3NH3PbI3. Below is a table for some values.
Single Crystal Perovskite and  (cm2/Vs)

Measurement
Hall Effect25

MAPbI3

MASnI3

MA3Sn0.5Pb0.5I3

CsSnI3

(Stoumpos)

66

2320

270

103

Hall Effect24

MAPbI3

MAPbBr3

(Chen)

11

60

SCLC26

MAPbI3

MAPbBr3

(Shi)

2.5

38

Table 4: Comparison of different mobilities measured from groups who studied multiple
perovskite compounds.
Of the perovskites used for solar cell device research, MAPbI3 has certainly acted as the catalyst
for recent improvements in perovskite type cells in the past decade. Due to the stability issues
that plague MAPbI3,55,56,57,58 many groups have chosen to study other types of perovskites that
might someday be competitive with silicon. The current world record efficiency for perovskite
solar cells is 22.7%, held by KRICT59,60 using formamidinium lead iodide, NH2CHNH2PbI3 or
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FAPbI3. Though for MAPbI3 the highest efficiency seen is ~19.5%.61 For comparison, single
crystal silicon solar cells have reached 27.6%.62
It has been an exciting time for perovskite materials, and it seems the progress in the field will
only continue to grow. Perovskite structured materials have been interesting in fields such as
high temperature superconductors for quite some time now, but only within the last decade did
they appear fascinating for solar cells as well. The rapid progress is due mostly to understanding
transport properties of these materials. The rest of the progress is owed to the application of
decades worth of research on other types of solar cells. Discovering the spatially dispersive
nature of MAPbI3 should help future researchers understand transport in similar materials.
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